An accurate selection of strain energy function (SEF) plays a very important role for predicting the actual behavior of rubber material in the finite element analysis (FEA). The common method for selecting the SEF is by using the curve fitting procedure. However, the behavior of some typical rubbers, such as low grade rubbers (average hardness value of 47.2), cannot be predicted well by only using the curve fitting procedure. To accurately predict the actual behavior of such specifically nearly incompressible material, a series of FEA were carried out to simulate the actual behavior of four physical testing materials, namely the uniaxial, the planar shear, the equibiaxial, and the volumetric tests. This FEA is intended to examine the most suitable constitutive model in representing the rubber characteristics and behavior. From the comparisons, it can be concluded that the Ogden model provides a reasonably accurate prediction compared to the remaining investigated constitutive material models. Finally, the appropriate SEF, i.e. the Ogden model, was adopted for modeling a low-cost rubber base isolator (LCRBI) in the finite element analysis (FEA). The simple uniaxial compression test of the LCRBI is required for validating that the selected SEF works for predicting the actual behavior of LCRBI.
Introduction
Hyperelastic material, such as rubber, has been applied in various kinds of industrial products such as seals, vehicles tires, hydraulic hoses, shock absorbers, vibration isolators or dampers, and others [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Generally, this material undergoes very large strain and performs highly nonlinear in stress-strain relationship. The characteristic of hyperelastic material has confirmed its unique behavior through a series experimental testing and describes its actual behavior through a proper selection of constitutive model [11] [12] . The highly demand of rubber material in various applications, has required a good understanding for the engineers regarding the unique behavior of rubber material. Because of the complicated rubber characteristic, a critical issue in the nonlinear elastic theory is to apply the elastic law on the hyperelastic material, which is the primary goal in developing the powerful analysis tools [13] .
Commonly, rubbers are considered as hyperelastic material that performs a highly-nonlinear large deformation. A number of constitutive models are available in many literatures to describe the actual rubber behavior by comparing one model to another. However, the critical issue in nonlinear hyperelastic material is how to determine the rubber parameters that govern the constitutive equations of hyperelastic material. Typically, three experimental tests must be conducted to define the rubber parameters for constitutive model. They involve the uniaxial tensile, planar shear, and 25 equibiaxial tensile tests. In application, the parameters of constitutive model are different from one test to another. At least, three sets of experimental test data has to be found in order to obtain the accurate rubber parameters. The assumption of homogeneity of kinematic fields from each test is used to develop the approach. Furthermore, each homogeneous test has different sample geometry [14] .
In order to represent the characteristic of rubber material, various geometrical and physical nonlinearities must be considered. Up to present, the finite element method (FEM) is a very powerful tool for analyzing the rubber characteristic and behavior. In the past, this type of materials cannot be defined analytically because of their nonlinearities and complex geometries [15] . The critical point in modeling hyperelastic material is in the proper selection of the constitutive model. Most types of rubbers perform a unique behavior in term of stress-strain relationship, such as softening behavior under small deformation or strain and highly stiffening behavior when the deformation or strain increases. Nevertheless, number classical constitutive models of hyperelastic material perform undesired results by giving inappropriate prediction of actual rubber behavior in the overall range of deformation or strain. Some constitutive models are able to predict the actual rubber behavior but only in the restricted deformation state or under certain deformation or strain. Only a few of them can simulate well up to strain magnitudes of 600-700 percent. Even though number of models can be considered quite accurate under certain deformation or strain state, but many failed in the prediction at other states [16] [17] .
In the finite element analysis (FEA), hyperelastic material is typically described using one of the available hyperelasticity models, such as the Mooney-Rivlin, Yeoh, Ogden, Neo-Hookean, and others. The detailed characteristics of hyperelastic material depend on the measured physical behavior and theoretical consideration. The general characteristics of these material models always involve several material constants in their formula obtained from the experimental data. Based on the experimental data, the parameters are fitted with the test data for certain required range of deformation or strain. In some cases, it is sometimes found that the models can represent very well the test data for particular ranges of strain or deformation yet only predict inaccurately for other ranges [18] .
In order to accurately model incompressible material, such as rubber, in the FEA, the experimental data are required to best represent the actual rubber characteristics. Three types of experimental tests are typically carried out on rubber, namely the uniaxial tensile, the planar shear, and the equibiaxial tensile tests [19] . The stress-strain relationships obtained from the tests are used to obtain the specific material parameters for deriving the proper strain energy function (SEF).
The selection of a suitable SEF of rubber material depends on its application, corresponding parameters, and available material test data [20] . Several criteria are found in previous researches to define the proper SEF of rubber material, i.e. the stress-strain curve of the material should perform the entire 'S' shape response, the change of deformation mode should be applicable under uniaxial tension, simple planar shear, and equibiaxial tension, the number of constitutive parameters should be small to minimize the need of experimental tests for their determination, and the mathematical equation should be simple to develop the possible numerical application of the model [21] [22] [23] .
For specific implementation of rubber material, slight changes in its chemical composition can considerably influence its mechanical properties. Thus, it is important to experimentally test a specific rubber and then employ it through FEA to obtain an appropriate SEF. Then, the selected SEF can be further employed to simulate the assembly, such LCRBI, in which the specific rubber is utilized. Among the available commercial softwares, ANSYS provides a number of SEFs to accommodate the nonlinear characteristics and behavior of hyperelastic materials such as rubber. The verification of SEFs using FEA with various available softwares for different rubbers against the experimental data can be found in literatures [19, [23] [24] [25] [26] [27] . The distinctine results were found by Hosseinzadeh et al. [27] . From the investigation, it was concluded that the exponential-exponential and general exponential-power law models have a good agreement with the experimental data in modeling the nonlinear elastic behavior of demineralized and deproteinized bovine cortical femur bone compared to the Mooney-Rivlin and Ogden models To achieve the objective of the study that is to propose an appropriate SEF for a specifically given rubber, a series of laboratory tests was carried out, comprising the uniaxial tensile, the planar shear, the equibiaxial tensile, and the volumetric tests, and to obtain the complete stress-strain relationships. Normally, a simple curve fitting process is sufficient as the first step to determine the most suitable SEF for a particular rubber as hyperelastic material. In the study, five hyperelastic models were selected for curve fitting. However, it was found that none of the employed models could perform well to closely match the experimental data. In the case, further rigorous analytical approach is required, i.e. the FEA to ensure which hyperelastic model can best fit the experimental data, and thus, the most suitable SEF can be decided to represent particular rubber material for more complex applications in the FE program, such as LCRBI. This paper presents an approach method and technique to determine a proper SEF for rubber by using the FEA based on the laboratory test data and the research works of [19, 23] . Compressive test of a low-cost rubber base isolator (LCRBI) was also performed in the study for validating the selected constitutive model. The appropriateness
Where C10 = 0/2, 0 is the initial shear modulus, D1 is the material constant that introduces compressibility.
The accuracy of the Neo-Hookean model is quite consistent with that of the Mooney-Rivlin model. Both models are only well-performed when the material undergoes small strains. This model is offered only in terms of the first deviatoric invariant [29] .
Mooney-Rivlin Model
The Mooney-Rivlin model is the simplest model of the complete polynomial models. Its SEF is given as follows [30] [31] ;
The model matches for a small or intermediate strain (100 percent tensile strain; 30 percent compressive strain). The most favorite ones of constitutive models are the Mooney-Rivlin and the Ogden models. The disadvantage is that the material parameters (not physically-based) must be obtained by experiments. The fitting procedure can be complicated if the number of parameters is large [32] .
Yeoh Model
A reduced polynomial model is formed after the revision by a higher order term of I1 applying on the SEF of NeoHookean model as follows [33] [34] : The initial shear modulus and bulk modulus are given by:
This model is applicable for a much wider range of deformation and able to predict the stress-strain behavior in different deformation modes from data gained in one simple deformation mode such as uniaxial extension [35] .
Ogden Model
The Ogden model presents the SEF of rubber under finite deformation [36] . 
Arruda-Boyce Model
The Arruda-Boyce model can be applied for the strain up to 300 percent. The strain energy is presented as [37]   
Where C1 = ½, C2 = 1/20, C3 = 11/1050, C4 = 19/7000, C5 = 519/673,750, and m is the locking stretch at which upturn of stress-strain curve would rise significantly [38] .
Materials and Methods
In this section, the analytical method for determining hyperelastic material parameters and four types of experimental tests for hyperelastic materials, namely the uniaxial tensile, the planar shear, the equibiaxial tensile, and the volumetric tests, are presented. For each type of tests, three specimens were taken from the same rubber product, yet different batches. This is intended to investigate the uniformity of the product batches and to ensure that the product provides the representative test data Although the material performs different stress-strain curves under different loading condition, a unique and appropriate SEF for specific rubber can still be selected which is applicable under all loading condition. In order to select the appropriate SEF, a number of experimental tests must be carried out, or at least one of these simple tests, namely the uniaxial tensile, planar shear, or equibiaxial, must be conducted [39] . Generally, the SEF can be expressed in the following form [40] .
Where  is the engineering stress. Equation (10) can be developed for various loading conditions, such as the uniaxial tensile, the planar shear, the equibiaxial, and the volumetric tests.
The tests were utilized for the curve fitting process to obtain the low-grade rubber constants and to select its appropriate constitutive model. The requirement for the curve fitting process is a simple stress-strain function which is able to represent each loading condition expected in the experiments, namely the uniaxial tensile, the planar shear, the equibiaxial tensile, and the volumetric tests. The simple stress-strain relation can thus simply be applied in the FEA. Hence, a simple reversible loading condition was applied on the test specimen to capture the softening effect of particular low-grade rubber characteristic.
In the experimental tests, an Instron servo hydraulic or electromechanical test instruments were used to serve the loadings. Non-contacting strain measuring devices such as video and laser extensometer are required to measure the strains. It should be attached freely without any contact with the specimens.
The loading rate during the tests was set in a slow cyclic loading mode (SCLM) of about 0.01 mm/mm/sec. In the SCLM, the specimens were stretched to a desired strain level and then unloaded at the same loading rate to a nearly zero stress condition.
The characteristic and behavior of hyperelastic material particularly rubber is quite unique. The structural properties of rubber changes significantly during the first several times of loadings as it strains. This means if the rubber is stretched to a certain strain level and then released back to a zero stress level for several times, the change in its structural properties (stress-strain relationship) decreases from cycle to cycle and diminishes. This phenomenon is commonly known as the Mullin's effect [33] . In some condition, when the stress-strain relationship of the rubber does not exhibit significant change anymore, the rubber material can be considered to be stable for the strain level below 28 that particular maximum strain. However, if the rubber is then loaded up to a new higher maximum strain level, the structural properties will change again considerably.
Prior to all the low-grade rubber material tests elaborated in the subsequent sections at Axel Product, Inc., Ann Arbor, Michigan, USA, five hardness tests were conducted earlier in the Laboratory of Innovative Engineering Materials, Department of Material and Metalurgy Engineering, Institut Teknologi Sepuluh Nopember (ITS), Surabaya, Indonesia. The tests were carried out in accordance with ASTM D2240 using a special apparatus called Durometer Shore A. From the tests, it was found that the hardness values of the low grade rubbers were 46, 46, 48, 48, and 48 with an average value of 47.2.
Uniaxial Tensile Test
The important requirement of the the test is to achieve a state of pure tensile strain that the specimen must be longer in the direction of elongation than its width and thickness. The stress-strain relationship of the uniaxial tensile test could be idealized as shown in Figure 1 . The laser strain measuring device was attached freely without any contact with the specimen (see Figure 1) . For isotropic material, the principal stretches of uniaxial tension can be expressed as [41] ;
And the corresponding stress of uniaxial tension test could be expressed by:
As can be seen in Figure 1 , the red arrow, 1, describes the tensile stress that deforms the specimen to the strain level 1, where 1 and 1 are the stress and strain in stretching direction, respectively. The stresses (red) or strain (blue) where no arrow is shown in Figure 1 . are zero.
The test was performed on the dogbone-shaped specimens with an effective gage length of 50 mm shown in Figure  2 . All the specimens were stretched up to a maximum displacement of approximately 50 mm (100 percent of the effective gage length). Each level consists of four cycles. The loading history of the test and its corresponding hysteretic curve are shown in Figures 3 and 4 , respectively. 
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Planar Shear Test
In planar shear test, the significant requirement of the specimen is that its dimension in the loading direction must be much shorter than its width. The primary goal is to create a laboratory test where the specimen is perfectly constrained in the lateral direction such that the specimen thinning occurs in the thickness direction only. Thus, it describes the actual shear behavior of the rubber. The stress-strain state for planar shear test could be idealized as shown in Figure 5 . The laser extensometer are required to measure the strains (see Figure 5) .
For isotropic material, the principal stretches of planar shear can be expressed as [41] .
And the principal stress are as follow
Similar to the uniaxial tensile test, the red arrow, 1, describes the tensile stress that deforms the specimen to the strain level 1, where 1 and 1 are the stress and strain in loading direction, respectively. The stress 3 and no strain 3 illustrate that the specimen is constrained perfectly in the lateral direction, thus it only experiences deformation in the thickness direction during the test. The stresses (red) or strains (blue) where no arrow is shown in Figure 5 . are zero. The width of specimen must be at least ten times than its length in the stretching or loading direction (see Figure 6 ). The specimens were cut from the rubber sheets to have the dimensions of 150 mm by 15 mm. All the specimens were stretched up to a maximum displacement of approximately 15 mm (100 percent of the effective gage length). The loading history of the test and its hysteretic curve are given in Figures 7 & 8, respectively. 
Equibiaxial Tensile Test
For equibiaxial tensile test, both the specimen and loading condition are created to ensure the radially-directional deformation equivalent with pure compression. The equibiaxial strain can be performed by stretching the circular disk in radial direction to certain strain level. The stress-strain state of the equibiaxial tensile test is illustrated in Figure 9 . In this state, the principal strain can be expressed as follows [41] :
And the principal stresses can be calculated by
Similarly, in Figure 9 , the red arrows, 1 and 2 describe the tensile stresses that deform the specimen in radial 32 direction to the strain levels 1 and 2 in loading direction, where 1 and 2 are stresses in radial direction and 1, 2, and 3 are the strain condition equivalent to simple pure compression. The stresses (red) or strains (blue) where no arrow is shown in Figure 9 are zero. The test specimens were cut from the rubber sheets to have a diameter of 75 mm with an effective area within 50-mm diameter as shown in Figure 10 . The effective gage length of specimen is set to be 25 mm in radial direction. Figures 11 and 12. show the loading history of the test and its hysteretic curve, respectively.
Volumetric Test
In the volumetric test, a cylindrical specimen is constrained in the fixture and compressed uniaxially. The displacement occurred during the test is very small. The basic assumption of rubber behavior during the test is similar to a fluid regarding the equal reaction force in all direction. The very small volume change during the test under hydrostatic pressure (p) characterizes the rubber material as a nearly incompressible material. The stress-strain state for the volumetric test can be expressed in Eqs. 17 and 18 and idealized as shown in Figure 13 . The red arrows, 1, 2, and 3, represent the hydrostatic pressures that deform the specimen to the strain levels 1, 2, and 3 in all directions.
The stresses (red) or strains (blue) where no arrow is shown in Figure13. are zero. The volumetric ratio is given by [41] .
Where 1, 2, and 3 are the hydrostatic pressures and the strains 1, 2, and 3 are all constrained in a very stiff fixture.
Figure 13. Idealized stress-strain state of volumetric test
The test specimens were cut from the rubber sheets. They had a diameter of 6.35 mm. Typically, five circular disks with 2 mm thick each, to form a total thickness of 10 mm, were stacked as shown in Figure 14 . The axial load in the vertical direction is applied with the displacement control to a particular displacement of approximately 1 mm with a loading rate of about 0.01 mm/mm/sec as can be seen in Figure 15 . Figure 16 . shows the hysteretic curve of the volumetric test. 
Curve Fitting Process
In order to select the most suitable hyperelastic model, ANSYS provide the curve fitting feature. This feature considerably simplifies the user's effort by only comparing several available models with experimental data; the most suitable model can be decided. The experimental stress-strain data is required to determine the appropriate coefficients of SEF during curve fitting process. The test data required for curve fitting process is the uniaxial tensile, planar shear, equibiaxial, and volumetric tests which generates an equation for SEF in terms of strain invariants or stretches of hyperlastic material. The analytical stress-strain data was generated by Eqs. 12, 14, 16, and 18, and the models were evaluated using Eqs. 3 to 9 to fit the experimental data as shown in Figures 17 to 21 . The most stable experimental data from all cycles for each test was selected for the curve fitting process [19] . The stress-strain data pairs from the uniaxial tensile, the planar shear, and the equibiaxial tensile tests are used to determine the shear constants Cij, whereas the compressibility constant, Di, is determined by the volumetric test. For each stress-strain data pairs, the ANSYS yields the coefficients of SEF for all five hyperelastic listed in Table 1 .
Among the three experimental test data, only the uniaxial tensile and planar shear test data are able to match the curves generated by all the selected models from the ANSYS. However, this is not the case of the equibiaxial data test. In Figure 17 , the Neo-Hokean model exhibits it is more suitable for use for predict the uniaxial tensile and planar shear test data. Curve fitting for the equibiaxial test indicates that its accuracy is a major problem, thus, it cannot be used to represent the rubber material behavior in FEA. Similar condition is also found for the Yeoh and Arruda-Boyce models shown in Figures. 19 and 21 , respectively. All these models provide a reasonably good prediction for both uniaxial tensile and planar shear tests, but exhibit insufficient prediction for the equibiaxial test.
Among the available models, it was found that only Ogden and Mooney-Rivlin appeared to be the most suitable models for predicting the SEF of the specifically low grade rubber as shown in Figures 2 and 4 . It can be seen from the figure that the curves exhibit similar pattern with the experimental data. However, their capability to closely match the experimental data still cannot be considered sufficient for accurately predicting the actual low-grade rubber behavior. In the case, further rigorous analytical approach is required, i.e. the FEA to ensure which hyperelastic model can best fit the experimental data, and thus, the most suitable SEF can be decided to represent particular rubber material for more complex applications in the FE program, such as LCRBI. 
Finite Element Analysis (FEA)
A series FEA has been carried out by modeling all the experimental test setups, i.e. the uniaxial tensile, the planar shear, the equibiaxial tensile, and the volumetric test setups, of the low grade rubber with ANSYS, a commercially available general purpose finite element program. The loading conditions of the FEA are somewhat different with those of the experimental tests which apply the cyclic loadings, whereas the typical loadings employed in the FEA are the monotonic loadings. In the FEA, all the dimensions and loading condition of models are similar to those in the experimental tests. It is carried out to derive the actual behavior of the low grade rubber. All the experimental tests were then compared with the FEA results from five different constitutive models of a nearly incompressible hyperelastic material (low-grade rubber) to observe the most fitted curve against that experimental data.
FE Model for Uniaxial Tension
The specimen model was grip fixed at one end and kept freely at the other end in the longitudinal direction to simulate the actual pure tension behavior of rubber material. The deformation state of the FE model under the pure uniaxial tension is shown in Figure 22 . The stress-strain data of each model under uniaxial tension obtained from the analysis is plotted and compared with the experimental data as shown in Figure 23 . However, the results illustrated in Figure 23 . are not sufficient to decide which appropriate material model should be selected for representing the actual rubber behavior. A representative model must also be able to perform consistently for the other deformation states. Therefore, the FEA must be carried out further for the planar shear, the equibiaxial tensile, and the volumetric tests. 
FE Model for Planar Shear
Similar to the uniaxial tension, the specimen model was also grip fixed at one end and kept freely at the other end yet in the lateral direction to simulate the actual planar shear behavior of rubber material. The deformation state of the FE model under pure planar shear is shown in Figure 24 . The stress-strain data of each model under planar shear obtained from the analysis is plotted and compared with the experimental data as shown in Figure 25 .
As shown in Figure 25 , the experimental data is denoted with the red dots. Although the curve fitting results are not as good as those of the uniaxial tension, both Mooney-Rivlin and Ogden models are still found in good agreements with the experimental data compared to those obtained from the remaining models. From the first two FE models (the uniaxial tension and the planar shear models), it can be concluded that both Mooney-Rivlin and Ogden models are very promising to be selected as one of the proper SEFs for rubber material than the other models. The next FE model (the equibiaxial tension model) will confirm which one of these models is more accurate in representing the actual behavior of rubber material in the FEA. 
FE Model for Equibiaxial Tension
The FE modeling of the specimen under equibiaxial tension is intended to simulate the actual pure radial strain behavior of rubber material. The model has sixteen "clamps" which were pulled simultaneously up to the desired strain level in the radial direction, thus, it enables the model to experience the pure radial stretching.
The deformation state of the equibiaxial model is considerably different than that in either the uniaxial tension or the planar shear. Since the clamp edges of the model were subjected to tension in the radial direction, the displacement at the clamps were different than that in the effective area, particularly within the gage length. This is due to the stiffer effective area than the clamps edges. It means that in order to achieve 100 percent strain level, the clamp edges must be pulled more than 12.5 mm. It is considerably difficult to make sure how much the displacement must be subjected to the clamp edges to derive a particular strain level in the effective area. Thus, a trial and error is conducted to derive the desired strain level by FEA.
In the FEA, the maximum strain level of equibiaxial tension is selected to be approximately 20 percent of the effective gage length, or in other words, the maximum strain is set to be 0.2. It means that the total gage length will be 30 mm (5-mm increase from its initial length). Actually, the maximum strain level of 20 percent is due to the prediction of rubber strain in the radial direction of the BI that will not exceed 20 percent. By trial and error, in order to achieve 20 percent strain level, the clamps must be pulled approximately 8.3 mm from their initial positions in the radial direction. The deformation state of the FE model under pure strain in the radial direction is shown in Figure 26 . The stress-strain data of each model under equibiaxial tension obtained from the analysis is plotted and compared with the experimental data as shown in Figure 27 . It can also be seen in the figure that the phenomenon found in the uniaxial tension and planar shear is also similarly found in the equibiaxial tension case. Both Mooney-Rivlin and Ogden models can consistently perform good fits, starting at zero strain until maximum strain, as compared to the experimental data.
FE Model for Volumetric Compression
The boundary conditions of the specimen model are arranged such a way that it will undergo the pure compression in order to observe its nearly incompressible behavior. Fixed and lateral constraints were applied at the respective bottom and body to assure that the movement only in the longitudinal direction under pure compression. The relationships between the force and the deformation were captured during the simulation for computing the volumetric stress-volumetric change data. The stress in the volumetric compressive test is a hydrostatic pressure.
The deformation state of FE volumetric model under pure compression in longitudinal direction is shown in Figure  28 . The model was compressed until it deformed about 2 mm. The hyperelastic constitutive models were used to describe the material properties of the models. The relationships between the volumetric stress and the volumetric change ratio, for each model, are plotted and compared with the experimental data as shown in Figure 29 . The initial slope of the resulting volumetric stress-volumetric change ratio is the bulk modulus. The value is typically two to three orders of magnitude greater than the shear modulus for elastomer. In this part of verification, the difference in behavior is clearly exhibited by both Mooney-Rivlin and Ogden models that in the three previous tests, they always performed similar characteristics. In Figure 29 , it is clear now in this volumetric compressive test that the MooneyRivlin model is not able to maintain its good fitting to the experimental result under pure compression in the longitudinal direction. However, the Ogden model shows a consistent approach in representing the actual behavior of the rubber material throughout its overall deformation state. 
Experimental Validation
The goal of this section is to verify the validity of the Ogden model coefficient derived from the FE curve fitting process. A series of FEA on a circular elastomeric bearing was conducted using a general-purpose finite element program, ANSYS. The validation process was typically carried out by many researchers through the validation of the FE results with the experimental data [23] . To validate the Ogden model coefficient, the FEA of a low-cost rubber base isolator (LCRBI) was performed to predict the force and displacement of the LCRBI from the experimental test [42] .
In order to obtain the experimental data, a BI test was performed under vertical pure compression load. The data pairs of force-displacement were recorded during the test to present the experimental data curve. The proposed LCRBI used the thin perforated steel plates instead of the regular solid ones which were embedded in the rubber as reinforcement. The embedded perforated steel plates in the rubber is intended to reduce the weight of the required steel reinforcement, resulting in the reduction of the overall weight of the LCRBI. This is due to the low gravity and seismic loads of the one-or two-story housings that they will support in their actual application. In the case, the perforated steel plates with circular openings arranged in a standard 60-degree triangular pattern were embedded in alternate layers with the rubber as reinforcement of LCRBI. The standard 60-degree staggered formation is the most popular opening arrangement due to its inherent strength and the large opening area it provides [42] . The BI was reinforced with nineteen layers of perforated steel plates with the opening area percentage of approximately 51 percent of the overall area, as shown in Figure 30 . The details of the BI specimen and the test setup are shown in Figure 31 . and Table 2 . The testing procedure complies with BS-EN 1337-2005. The BI was subjected to an axial load of about 40 kN with a loading rate of 5.0  0.5 MPa/min.
In modeling the LCRBI with FE, each layer of reinforcement was made up of a thin perforated steel plate with a specific opening area percentage. Since the running process was time consuming, the LCRBI was modeled in a quarter from the overall LCRBI model as shown in Figure 32 . In order to generate a quarter model as shown in Figure 32 , it was arranged symmetrically in both x-z and y-z planes. The symmetries in both x-z and y-z planes produced the free translations of the model in the x-and z-directions as well as in the y-and z-directions, respectively. In the ANSYS element library, SOLID186, 20-node layered structural solid elements, were used to model the perforated steel plates, the rubber, and the top and bottom side steel plates. This element has three translation degrees of freedom (DOF) at each node along x-, y-, and z-directions. The meshing conditions in the model take into account the mesh quality and the time consumed for the running process. Therefore, the mesh sizes were set 2, 5, and 5 mm for the perforated steel plates, the rubber layers, and the end steel plates, respectively.
The modeling was performed using 3D surface-to-surface contact elements, CONTA174 and TARGE170. Bounded contact surface was also used to model the contact surface between layers. Contact elements are nonlinear elements and their numerical solution requires lot of computational power.
Finally, the LCRBI specimen was also simulated by FEA. Hexahedron element type was adopted for LCRBI modeling. A boundary condition at the bottom side was specified as a fixed base (fixed in all directions) while the top side of the end steel plate was free in z-direction and fixed in both x-and y-directions. The loading condition was applied as a pressure load on the top side of LCRBI. The finite element program used employs the Newton-Raphson method to solve the nonlinear problem. The load is subdivided into a series of load increments that can be applied over several load steps.
41 Figure 33 . shows the deformation state of LCRBI under vertical compressive loading. The overall vertical deformation was approximately 2.5 mm. Figure 34 . graphically depicts the closeness of the FE approximations to the experimental force-displacement data. The percentage of relative error between the experimental data and FE results is derived by averaging the RMS error expressed in Equation 19 [23] . The error was found to be 4.373 percent for the LCRBI model under compression load.
Where N is the number of data point calculated by FEA. Fexp, FFE are the experimental and the finite element forces, respectively. It exhibits that the Ogden model works well for predicting the behavior of LCRBI model under compression load. 
Conclusions
A series of FEA was carried out to predict a proper SEF of low-grade rubber material with an average hardness value of 47.2. The FEA was conducted due to the insufficient curve fitting process with the experimental data in simulating the actual hyperelastic material behavior. In the first three FE simulations (the uniaxial tensile, the planar shear, and the equibiaxial tensile tests), both Mooney-Rivlin and Ogden models exhibited a similar characteristic in describing the rubber material behavior. In other words, if the FE approach is only applied to analyze the hyperelastic material, such as rubber, without its compressible effect, they both are very promising to be adopted as SEFs for illustrating the mechanical characteristic of the rubber. However, in the volumetric simulation, the Mooney-Rivlin model is not capable of accounting for the compressible effect of the hyperelastic material, while the Ogden model consistently shows a very good agreement with the experimental data throughout the overall deformation states.
To validate the applicability of the Ogden model, a vertical compressive test of a LCRBI was conducted in order to verify the selected constitutive models in representing the actual hyperelastic behavior of a specified rubber material. From the discussion above, the following conclusions can be drawn:
1. In order to obtain an appropriate constitutive model of nearly incompressible material such as low grade rubber, all of the required laboratory tests, i.e. the uniaxial tensile, the planar shear, the equibiaxial tensile, and the volumetric compressive tests should be performed. This is to ensure the consistency of the selected model in the analysis of LCRBI under various loading stages.
2. Although the Mooney-Rivlin model when implemented in the FEA exhibits reasonably good agreement with the experimental data in describing the actual uniaxial tensile, the planar shear, and the equibiaxial compressive behaviors of hyperelastic material, it is still not enough to claim that the Mooney-Rivlin model is suitable for SEF of hyperelastic material due to its inconsistency in modeling its actual volumetric behavior. In other word, to obtain a proper SEF, the selected model must be able to predict accurately the results from the overall experimental tests, e.g. the Ogden model.
3. The Ogden model consistently performs a quite accurate prediction in terms of stress-strain relationship when implemented in the FE model for predicting the behavior of BI under concentric axial compression. The result indicates that the selected model performs an accurate prediction compared with the experimental data.
4. As a recommendation, the adoption of several models proposed by other researchers in FEA for representing various mechanical behaviors of hyperelastic material such as rubber is acceptable when the test data for developing the curve fitting process is not sufficient to describe the actual constitutive behaviors of hyperelastic material.
